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Despite suggestions of a connection between endothelial damage and 
permeability alterations after ischemia and reperfusion in pulmonary 
tissue undergoing transplantation, o direct correlation between vascular 
endothelial discontinuity and parenchymal edema has yet been shown. 
Methods: Forty-two rat lungs were harvested and stored for 48 or 72 hours 
under hypothermic and ischemic onditions. Stored pulmonary tissue was 
studied before transplantation a d 5 minutes or 24 hours after t ansplan- 
tation by light microscopy and scanning electron microscopy of arterial 
vascular endothelium. Results: Stored lungs not subjected to revasculariza- 
tion showed moderate perivascular edema, with small intercellular gaps in 
endothelial monolayers. Five minutes after transplantation, pulmonary 
tissue appeared congested, with perivascular and alveolar edema. Exami- 
nation of vascular endothelium by scanning electron microscopy showed 
detachment of endothelial cells. Twenty-four hours after transplantation, 
edema, hemorrhage, and vascular congestion were found in all specimens. 
Arterial vascular endothelium showed weak intercellular connections, 
numerous intercellular gaps, and widespread cell detachment. Bronchial 
epithelial cells appeared amaged after storage, with loss of cilia, blebbing 
of apical cytoplasm, and cellular ounding. These changes were maintained 
5 minutes after transplantation but appeared totally reversed after 24 
hours in specimens stored 48 hours, whereas bronchial denudation was 
observed in 72-hour stored lungs. Statistically significant positive correla- 
tions (Kendall p < 0.001) between revascularization time and alveolar 
edema and hemorrhage were found for both storage periods. Conclusion: 
The results from this study demonstrate correlation between loss of 
endothelial monolayer continuity and histologic evidence of vascular per- 
meability increases in pulmonary tissue before and after lung transplan- 
tation. (J Thorac Cardiovasc Surg 1996;112:1027-35) 
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A single flush through the vascular space of solid organs with a specifically designed preservation 
solution followed by hypothermic storage is the 
method of choice in most clinical transplant units. 1 
The length of storage time that organs can tolerate 
without losing their viability varies from organ to 
organ. Lungs are among the most sensitive to hypo- 
thermic and ischemic injury, with only short safe 
storage times. 2' 3 Early and universal development 
of edema is the first indication of storage-induced 
damage after lungs have been transplanted. 4-6 
Loss of control of vascular permeability seems to 
be an inevitable consequence of extended pulmo- 
nary hypothermic storage. 7 Under physiologic on- 
ditions, regulation of vascular permeability relies on 
functioning endothelium, and alterations in endo- 
thelial cell (EC) shape have marked effects on 
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Fig. 1. A, Control: Normal rat lung tissue. B, Alveolar edema nd congestion after 48 hours of storage and 
5 minutes of revascularization. (Original magnifications × 63.) 
Table I. Composition of the modified University of 
Wisconsin solution (UW) used in this experiment 
Components UW (retool~L) 
Lactobionic acid 107.7 
Potassium hydroxide 104.2 
Dipotassium hydrogen phosphate 26 
Magnesium hydrogen phosphate 21.8 
Glutathione 3.1 
Sodium hydroxide 38.5 
Raffinose pentahydrate 31.3 
Allopurinol 1 
Disodium phosphate 
Histidine 
Dextran 40 
Phallacidin 
pH 6.87 
Osmolarity 305 
vascular permeability. 8' 9 Recent studies have found 
that ECs are highly sensitive to ischemia nd reper- 
fusion damage, being less resistant to storage than 
parenchymal cells in organs undergoing transplan- 
tation.10, 11 
Despite the growing evidence of EC involvement in
alteration of vascular permeability 12 and suggestions 
that the edema resulting from ischemia nd reperfu- 
sion injury is due to EC injury, 13 no direct correlation 
between vascular endothelial discontinuity and paren- 
chymal edema has yet been proven in organs being 
transplanted. The aim of the current study was to 
correlate histologic edema with ultrastructural endo- 
thelial monolayer alterations before and after revascu- 
larization in pulmonary tissue stored under hypother- 
mic and ischemic onditions. For that purpose an in 
vivo model of single lung transplantation in the rat was 
used. The preservation solution used was a modifica- 
tion of the clinically used University of Wisconsin 
solution, widely implemented in experimental and 
clinical transplantation. 5' 14 Pulmonary tissue was eval- 
uated immediately after wo different storage periods 
(48 or 72 hours) and after 5 minutes or 24 hours of in 
vivo revascularization after transplantation. The selec- 
tion of 48 and 72 hours of ischemia was based on our 
experience with this model, which showed that he cold 
ischemic tolerance time in rat lungs is considerably 
longer than that for human beings. 4Despite the fact 
that current clinical preservation is limited to 4 to 6 
hours, most contemporary experimental studies in- 
volve long periods of ischemic storage. 3 Our aim was 
thus to inflict serious endothelial damage to visualize 
morphologic hanges that could be correlated with 
different degrees of parenchymal edema and hemor- 
rhage. 
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Fig. 2. A, Perivascular edema after 48 hours of storage in a nonreperfused specimen. B, Alveolar 
hemorrhage after 72 hours of storage and 24 hours of revascularization. (Original magnifications: A, ×40; 
B, ×63.) 
Materials and methods 
Materials. Lung transplants were p rformed in in- 
bred female Lewis rats weighing 250 gin. Enflurane 
(Ethrane) for anesthesia was obtained from Abbott 
Laboratories Ltd., Queenborough, Kent, United King- 
dom, and ffusemide injection BP (20 mg/2 ml) from 
Phoenix Pharmaceuticals, Gloucester, United King- 
dom. Lactobionate-raffinose solution (modified Univer- 
sity of Wisconsin solution) was prepared as described 
earlier, 5 with the formulation presented in Table I. 
Electron microscopy reagents were obtained from Agar 
Scientific, Stansted, Essex, United Kingdom. The criti- 
cal point dryer was from Polaron Equipment Ltd., 
Hertfordshire, United Kingdom. Electron microscopy 
samples were viewed with a JEOL 1200EX STEM 
microscope (JEOL USA, Inc., Peabody, Mass.). 
Methods 
Transplant procedure. All animals used in this experi- 
ment were treated in compliance with the Home Office 
regulations, Animals (Scientific Procedures) Act, 1986. 
The transplantation procedure is described in detail else- 
where. 4 In brief, left lung lobes were harvested from fully 
anesthetized healthy donors, flushed with the modified 
University of Wisconsin solution (room temperature, 7 to 
10 ml), and stored in that solution in a container sur- 
rounded by ice. The lungs were kept inflated and stored at 
4°C for 48 or 72 hours. With the use of mlcrosurgical 
instruments and techniques, tored lungs were orthotopi- 
cally transplanted into genetically identical recipients af- 
ter removal ofthe native left lung. The recipient right lung 
was left in place, so that the animal would survive even 
without functional recovery of the transplanted lung. 
Sample haln~esting and processing. After predetermined 
periods of revascularization after transplantation, animals 
were put to death with an overdose of enflurane in an 
anesthetic chamber. Transplanted lungs were harvested 
via a midline sternal thoracotomy, Immediately after 
being harvested, lungs were fLxed with 3% glutaraldehyde 
in phosphate, 0.1 mol/L (2 hours at room temperature), 
infused via the airway. 
All lungs were processed for light microscopy and 
stained with hematoxylin and eosin. Three animals in each 
subgroup were randomly selected for scanning electron 
microscopic (SEM) studies. In those lungs, 2 mm 2 blocks 
of full-thickness blood vessel wall were dissected an
removed from the second intrapulmonary ramification of 
the main left bronchial artery with the use of microsurgi- 
cal instruments and an operating microscope at high 
(× 16) magnification. Samples w re washed (three times, 
10 minutes) in phosphate buffer, 0.1 mol/L, fixed in 1% 
osmium tetroxide in phosphate buffer (60 minutes at room 
temperature), and washed again (10 minutes). Dehydra- 
tion was accomplished by serial immersion of the samples 
for 10 minutes in 25%, 50%, 70%, and 100% ethanol. 
Specimens were then critical-point dried and mounted on 
copper stubs with silver dag. They were gold coated in a 
sputter coater and kept in a vacuum desiccator until viewed 
with a JEOL electron microscope in the SEM mode. 
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Fig. 3. A, Bronchial epithelial surface blebbing after 48 hours of storage. B, Totally restored bronchial 
epithelium after 24 hours of revascularization, which followed 48 hours of storage. (Original magnifications 
×400.) 
ExperimentalprotocoL A total of seven specimens were 
fixed without revascularization after each storage period 
(48 or 72 hours). The rest of the stored lungs were 
transplanted into recipients, which were put to death after 
5 minutes or 24 hours. 
The experimental protocol was as follows: 
• Group 1: Controls. Group 1 included two subgroups: 
group la, nonstored, nontransplanted controls (n = 7); 
group lb, nonstored, transplanted controls (n = 7). 
• Group 2: Stored but nontransplanted lungs 
• Group 3: Stored lungs revascularized for 5 minutes 
• Group 4: Stored lungs revascularized for 24 hours 
Groups 2, 3, and 4 consisted of two subgroups each: a, 
lungs stored 48 hours (n = 7); b, lungs stored 72 hours 
(n : 7). 
All subgroups consisted of seven specimens for light 
microscopic studies and three specimens for SEM studies. 
In group 4, animals that did not survive 24 hours of 
revascularization were disregarded. One additional trans- 
plant in subgroup 4a (48-hour storage and 24-hour evas- 
cularization) and three additional transplants i  ubgroup 
4b (72-hour storage and 24-hour evascularization) were 
carried out to reach the total of seven in this group. 
Analysis of results 
HISTOLOGIC STUDY. All samples were analyzed blindly 
by one observer, and the analyses were subsequently 
corroborated by a second observer who was also blinded. 
Features tudied were overall architectural preservation, 
edema (perivascular and alveolar), hemorrhage, conges- 
tion, and bronchial epithelial alterations. 
All specimens were rated on a scale from 0 to 3:0 for 
normal histologic haracteristics, 1 for mild alterations, 2 
for moderate alterations, and 3 for severe changes. Inter- 
mediate changes were graded with an additional half 
grade (e.g., mild to moderate = 1.5). 
A Mann-Whitney U test was performed to compare 
statistically the scores reached by each storage and revas- 
cularization period separately. Then, Kendall's rank cor- 
relation coefficient test was performed to relate the grade 
of histologic parameters with the revascularization peri- 
ods within each storage time independently. For both 
tests, a p value less than 0.05 was considered statistically 
significant. 
SEM STUDY. Six different random fields of the luminal 
endothelial surface were photographed (final magnifica- 
tion ×1600) for each specimen. A further three high- 
magnification micrographs (final magnification ×8000) 
were taken from the same areas. All micrographs were 
analyzed in a blind manner by one observer, and the 
analyses were subsequently corroborated by a second 
observer. The features tudied were (1) monolayer conti- 
nuity, (2) EC morphologic haracteristics, and (3) mem- 
brane surface alterations. 
If the endothelium was 100% intact, the endothelial 
surface was scored as normal. In the experimental groups, 
samples were rated on an ascending scale of damage as 
follows: 0, 90% or more of the endothelium was well 
preserved in all specimens; 1, gaps or semidetached cells 
were found in 50% or more of the micrographs analyzed 
for each specimen; 2, cell detachment involving 50% or 
more of the endothelium was seen; and 3, more than 80% 
of the surface was denuded of ECs in one or more 
micrograph for each specimen. 
Because of the small number of specimens in each 
individual group, we could not perform a nonparametric 
statistical analysis that could show any significant differ- 
ences between each storage and revascularization period 
separately. Kendall's rank correlation coefficient test was 
used to relate the percentage of preserved endothelium 
with the revascularization periods within each storage 
time independently. Results with a p value of less than 
0.05 were considered statistically significant. 
Results 
Histologic analysis. Control specimens showed 
normal alveolar and bronchial structure with no 
evidence of edema (Fig. 1, A). 
Vascular congestion. Mild or moderate paren- 
chymal vascular congestion (Fig. 1, B) was seen in 
two nontransplanted samples after 48 hours of stor- 
age and in four after 72 hours of storage. All 
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Fig. 4. Electron micrographs of normal rat lung endothelium. The whole of the surface was covered with 
regularly shaped ECs in close contact with each other. (Original magnifications: A, × 1600; B, ×8000.) 
transplanted samples showed vascular congestion. 
This ranged from moderate to severe in groups 3a 
and 3b. Congestion ranged from mild to severe in 
group 4a, whereas evere congestion was present in 
all cases from group 4b. There was, however, no 
statistically significant difference among the differ- 
ent groups for this parameter. 
Perivascular edema and hemorrhage. Perivascular 
edema (Fig. 2, A) was identified in all of the 
nontransplanted and transplanted samPles included 
in the study. In the nontransplanted lungs, edema 
consisted of acellular fluid. After reperfusion, 
perivascular hemorrhage was also identified. Hem- 
orrhage was present in one specimen (n = 7) after 
72 hours of storage and 5 minutes of revasculariza- 
tion, in five of seven specimens after 48 hours of 
storage and 24 hours of revascularization, and in all 
seven specimens after 72 hours of storage and 24 
hours of reperfusion. 
Alveolar edema and hemorrhage. None of the 
stored, nontransplanted samples showed alveolar 
edema or hemorrhage. After 5 minutes of reperfu- 
sion, no hemorrhage was present in any sample. 
However, edema (Fig. 1, B) was seen in three of 
seven specimens each from the 48-hour storage 
period (two cases mild, one moderate) and the 
72-hour storage period (minor in one case and mild 
in two). After 24 hours of reperfusion, edema and 
hemorrhage (Fig. 2, B) were seen in all samples 
from both storage times. There was a statistically 
significant positive correlation between the different 
revascularization times for both alveolar edema 
(p < 0.001) and hemorrhage (p < 0.001). 
Bronchial epithelial changes. Bronchial alterations 
consisted of loss of cilia, blebbing of the apical 
cytoplasm, increased eosinophilia of the cells, 
rounding up of cell shape, and detachment of blebs 
and individual cells (Fig. 3, A). These changes were 
seen in all samples from both storage times and after 
0 and 5 of minutes reperfusion. The changes ranged 
from mild to severe. In samples tored for 48 hours, 
bronchial changes had been totally reversed after 24 
hours of reperfusion (Fig. 3, B) with only mild 
changes present in one of seven specimens. Bron- 
chial changes could not be assessed in any 72-hour 
stored specimens after 24 hours of reperfusion 
because more than 80% of the bronchial epithelium 
was denuded. All these specimens had severe alve- 
olar hemorrhage with features of infarction in some 
(three of seven). There was a statistically significant 
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Fig. 5. Electron micrographs of rat pulmonary arterial endothelium. A, Storage for 48 hours; B, storage for 
72 hours and revascularization for 5 minutes. A small intercellular gap can be see between two ECs (A), 
and a semidetached cell (B) exposes basal matrix. (Original magnifications ×8000.) 
negative correlation of the bronchial epithelial 
changes with the different revascularization periods 
(p < 0.01). 
SEM analysis. Control specimens presented a
uniform monolayer of regular ECs in all micro- 
graphs. The entire surface was covered by fusiform- 
shaped ECs in close contact with each other (Fig. 4, 
A). A small number of microvilli were identified on 
the surface of ECs observed at high magnification 
(Fig. 4, B). 
Stored but nonrevascularized lungs (group 2) had 
continuous monolayers with few variations from 
control specimens. Some monolayers, especially in 
the 72-hour stored group, had small intercellular 
gaps (Fig. 5, A). 
All stored lungs subjected to 5 minutes of 
revascularization (group 3) had some degree of 
damage. Some areas appeared denuded of ECs 
with exposure of basal matrix and collagen fibers, 
which was more marked in the 72-hour stored 
group. Other ECs had already lost intercellular 
connections with neighboring cells (Fig. 5, B). 
Increased numbers and size of surface microvilli 
and presence of membrane blebs were common in 
specimens in this group (Fig. 6, A). 
Stored lungs subjected to 24 hours of revascular- 
ization (group 4) had patches of well-preserved 
endothelium coexisting with denuded areas where 
blood clot and blood cells obscured the endothelial 
surface. Some specimens had retracted ECs with 
delicate intercellular connections and numerous in- 
tercellular gaps (Fig. 6, B). These monolayers ap, 
peared to have little or no control of vascular 
permeability despite the presence of a noncontinu- 
ous monolayer of ECs. The changes were again 
more marked in the 72-hour stored group. 
Because of the small number of specimens in each 
group, statistical analysis comparing specimens 
stored for 48 hours versus specimens stored for 72 
hours failed to find significant differences in endo- 
thelial preservation; similarly, no significant corre- 
lation between storage and revascularization period 
was found, although a trend was seen suggesting 
that specimens tored for 72 hours were more 
damaged than specimens tored for 48 hours, and 
that damage was exacerbated by revascularization. 
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Fig. 6. Electron micrographs of rat pulmonary arterial endothelium stored for 48 hours, followed by 5 
minutes (A) or 24 hours (B) of revascularization. A  increased number of surface microvilli and membrane 
blebs can be identified on EC surfaces at high magnification (A, original magnification ×8000). 
Discontinuities and loose intercellular connections can be appreciated at lower magnification (B, original 
magnification ×1600). 
Discussion 
A connection between vascular endothelial dam- 
age during preservation and parenchymal edema in 
transplanted lungs has long been suspected. Under 
physiologic conditions the endothelial monolayer 
plays a crucial role in regulating vascular permeabil- 
ity. Passage of fluids and macromolecules to the 
parenchymal space, as well as inflammatory cell 
migration and other functions involving transfer of 
cellular elements from the vascular to the alveolar 
space, are directly or indirectly regulated by a single 
layer of ECs. 15 
After ischemia nd reperfusion, stored lungs lose 
control of vascular permeability, and edema devel- 
ops.4, 16, 17 In vitro studies have also shown that 
hypoxia and reoxygenation increase the permeabil- 
ity of cultured EC monolayersJ  However, to our 
knowledge, direct morphologic evidence linking en- 
dothelial monolayer damage to alveolar edema in 
transplanted lungs has not been reported before. 
The present results how a clear correlation between 
the degrees of alteration in pulmonary endothelial 
monoIayer continuity, EC shape and attachment, 
and the amount of parenchymal edema found in 
lungs undergoing transplantation. 
Perivascular edema was found in all stored lungs 
before revascularization. The source of edema dur- 
ing the preservation period is likely to be the 
preservation solution itself, as was suggested by Hall 
and coworkers. 16 This edema could reach the 
perivascular interstitial tissue via small gaps seen in 
the previously confluent monolayer, which are prob- 
ably caused by weakening of intercellular connec- 
tions between adjacent ECs. Alveolar edema was 
identified after 5 minutes of revascularization, but 
hemorrhage appeared only 24 hours after t ansplan- 
tation, when the observed amage to endothelium 
was greater. In these lungs, especially after 72 hours 
of hypothermic storage, blood cells were able to 
reach the alveoli and all specimens showed perivas, 
cular hemorrhage. Correlation between alveolar 
hemorrhage and revascularization time reached sta- 
tistical significance (p < 0.001). 
Several mechanisms of damage to ECs possibly 
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interact under the conditions studied here. First, 
severe hypothermia for a prolonged period is harm- 
ful to EC structure and viability in vitro. 19' 2o Falling 
levels of cellular adenosine triphosphate have been 
suggested as a cause for the cytoskeletal disassembly 
that takes place during hypothermic storage of 
ECsY Second, hypoxia alone has been shown to be 
highly damaging to pulmonary ECs by a combina- 
tion of stimulation of membrane lipid peroxidation 
and degradation of membrane phospholipids. 22The 
association of ischemia and hypothermia results in 
severe stress for ECs. Experiments with cultured 
human ECs in our laboratory showed marked mor- 
phologic alterations of monolayers subjected to cold 
hypoxic storage. 23 Liver transplantation studies 
found sinusoidal ECs to be more sensitive to isch- 
emic damage than parenchymal cells. 11 Third, revas- 
cularization involves the sudden restoration of 
highly oxygenated blood at normal arterial pressure. 
SEM studies do not allow measurement of the 
strength of EC attachment to the basal matrix or to 
each other via intercellular connections. The retrac- 
tion of ECs, together with the change of shape 
(rounding) seen in the present study and in other 
ultrastructural studies of endothelium, allows gap 
formation in the monolayer to be recorded; how- 
ever, the possibility of normal-shaped but weakly 
anchored ECs cannot be ruled out. Consequently, 
small morphologic hanges in ECs before revascu- 
larization could be accompanied by a more extreme 
denudation after pulmonary circulation is restored. 
Finally, additional damage is likely to be caused by 
oxygen-derived free radicals, known to increase 
permeability of EC monolayers in vitro after isch- 
emia and reperfusion, probably by cell retraction. 18 
Another serious pathologic event frequently 
found after organ storage in clinical practice is the 
increased thrombogenicity of the vascular bed in the 
transplanted organ. 24 The exposure of thrombo- 
genic basal matrix and collagen elements after stor- 
age and revascularization seen in the present exper- 
iment could explain those alterations. Also, ECs 
have been shown to switch from anticoagulant to 
procoagulant properties when subjected to hypoxic 
conditions, a5 According to the evidence presented in
this study, denudation and exposure of thrombo- 
genic basal matrix is likely to be a main cause of 
coagulation problems after long periods of hypo- 
thermic storage. 
EC surface blebbing has been described previ- 
ously in hypoxic cells. Ultrastructural studies with 
liver sinusoidal ECs showed that blebbing is a 
common feature of injured cel ls.  26 Previous SEM 
studies allowed us to conclude that blebs originated 
from swollen microvilli, which detached from the 
cell surface and became spherical free bodies27; this 
observation is in accordance with information re- 
ported by Lemasters and coworkers, 2s who collected 
detached blebs by filtration of effluent perfusate of 
isolated rat liver during hypoxia and reoxygenation 
processes. Blebbing seems to be a step before cell 
death and could be a defense mechanism in volume- 
compromised cells because of the hypothermic in- 
activation of the sodium-potassium embrane 
pump. Blebbing of parenchymal cells resulting from 
ischemic-hypothermic damage has been described 
in hepatocytes of livers being transplanted. 29 
An unexpected histologic finding in the present 
experiment was the alteration of bronchial epithelial 
cells as a consequence of cold hypoxic storage. We 
found cell rounding and detachment, ciliary alter- 
ations, and blebbing. These bronchial epithelial 
changes may be a result of hypoxia nd hypothermia 
during storage. After reperfusion, however, the 
changes regressed in lungs stored for 48 hours, 
suggesting that these alterations were reversible. In 
lungs stored for 72 hours, however, denudation of 
the epithelium was associated with marked paren- 
chymal hemorrhage, and in some specimens with 
infarction. 
These two changes (rounding and blebbing) were 
common to ECs and bronchial epithelial cells in the 
present study. The tendency of these two types of 
cells to become spherical leads us to speculate about 
the existence of a mechanism toward cell rounding 
and loss of physiologic ell shape under hypoxic and 
hypothermic onditions that could be universal, 
dependent more on the space available to become 
round than on the shape adopted by the different 
cells. Luminal cells (vascular ECs and bronchial 
epithelial cells in this study) have the space to 
become spherical, whereas most other parenchymal 
cells are in three-dimensional close contact with 
each other, which renders shape changes difficult. 
As mentioned earlier, blebbing is also present in 
other parenchymal cells subjected to ischemic-hypo- 
thermic damage. 
We conclude that perivascular and alveolar 
edema found in preserved lungs was caused by 
morphologic alterations of ECs resulting in mono- 
layer discontinuities followed by cell detachment. 
These alterations were present after the storage 
period and became more marked with the restora- 
tion of blood flow on revascularization. Morpho- 
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logic alteration and cytoplasmic blebbing of ECs 
(SEM) and bronchial epithelial cells (histology) 
were also a consequence of the cold hypoxic storage 
period. 
We thank Caroline Dor6, BSc, for her help with the 
statistical analysis. 
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